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Osteopontin (OPN) is a chemotactic, adhesive protein whose receptors include some
integrins and matrix proteins known to have role in inﬂammatory and repair processes.
We examined the time course of OPN expression at acute and chronic stages after intra-
muscular injection of Bothrops lanceolatus venom in rats. Additionally, we examined the
expression of CD68 (a marker for phagocytic macrophages) and the myogenic factors,
myoD and myogenin. There was a biphasic upregulation of OPN (6–48 h and 3–14 days
post-venom), i.e., during acute inﬂammation and myogenic cell proliferation and differ-
entiation phases. OPN was detected in CD68 þ macrophages, ﬁbroblasts, normal and
damaged myoﬁbers, myoblasts and myotubes. Myogenin was expressed in the cytoplasm
(atypical pattern) and nucleus of myoblasts and myotubes from 18 h to 7 days, after which
it was expressed only in nuclei. Macrophage numbers, OPN and myogenin expression were
still elevated at 7, 14 and 7 days. At 3 days, when OPN achieved the peak, some clusters of
myoblasts were within regions of intense collagen deposition. Fibrosis may represent
limitation for repairing processes and may explain the small diameter of regenerated ﬁbers
at 21 days post-venom. The expression of OPN in the course of venom-induced damage
and regeneration suggests stages-speciﬁc mediation role along the whole process.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Skeletal muscle regeneration is possible because of the
existence of undifferentiated satellite cells located between
the basal membrane and ﬁber sarcolemma (Mauro, 1961).
In response to mechanical, nutritional, hormonal, chemical
and toxic stimuli, satellite cells proliferate and differentiatelogia e Embriologia,
pinas (UNICAMP), CP
21 6224; fax: þ55 19
uz-Höﬂing).
lsevier OA license.to repair damaged ﬁbers, or fuse to pre-existing myoﬁbers
to increase their size or form new ﬁbers; the overall result
of these processes is an increase in muscle mass. Under-
standing the mechanisms that regulate these myogenic
processes is central in the development of therapeutic
strategies to deal with muscle disabilities.
Envenoming by Bothrops snakes (family Viperidae) is
characterized by prominent local damage mediated by
myotoxins, hemorrhagins and hemolytic enzymes of the
venom (Gutiérrez and Ownby, 2003; Gutiérrez et al., 2005);
such damage can result in important morbidity at the bite
site and impairment of muscle function (Rosenfeld, 1971;
França and Málaque, 2003).
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most snakebites on the Caribbean island of Martinica
(Thomas et al., 1995). Compared to other Bothrops species,
B. lanceolatus venom is less myotoxic (Bogarín et al., 1999;
Gutiérrez et al., 2008), but induces thrombosis in humans
(Thomas et al., 1995; Malbranque et al., 2008); the latter
response is not seen in mice (Gutiérrez et al., 2008). B.
lanceolatus venom contains L-amino acid oxidase, serine
proteases, phospholipase A2 (PLA2) (Lôbo de Araújo et al.,
1994, 1998) and zinc-containing metalloproteinases
(MMPs) (Stroka et al., 2005; Gutiérrez et al., 2008). Studies
in vitro have also shown that the venom contains thrombin-
like activity but no coagulant or deﬁbrinogenating activi-
ties (Stocker et al., 1974; Lôbo de Araújo et al., 2001). B.
lanceolatus venom stimulates leucocyte migration and
edema formation (increase in vascular permeability) that is
mediated by arachidonic acid metabolites (lipoxygenase
and cyclooxygenase products), bradykinin, histamine and
serotonin (Lôbo de Araújo et al., 2000; Guimarães et al.,
2004).
In this work, we examined the expression of osteo-
pontin (OPN) during muscle damage and regeneration
following the intramuscular injection of B. lanceolatus
venom. In addition, we assessed changes in myoD, myo-
genin and CD68. OPN is an O-glycosylated phosphoprotein
expressed by a variety of cells and tissues involved in
a range of physiological processes, including the synthesis
of collagen ﬁbrils, angiogenesis, cell migration, wound
healing and immunomodulation (Wang and Denhardt,
2008). MyoD and myogenin, which belong to the
myogenic regulatory factors (MRF) family of proteins, have
a key role in the early and late stages of myogenesis during
development and repair (Chargé and Rudnicki, 2004). CD68
is a transmembrane receptor of M1 (resident) macro-
phages, a pro-inﬂammatory population of phagocytic cells
that respond to acute muscle injury after neutrophil inva-
sion (reviewed in Tidball and Villalta (2010)). The results
described here contribute to our understanding of the local
effects induced by B. lanceolatus venom, and the biology of
muscle regeneration in general.
2. Materials and methods
2.1. Snake venom
Lyophilized B. lanceolatus venom (supplied by the Unité
des Venins, Institute Pasteur, Paris, France) was recon-
stituted in 0.05 M phosphate-buffered saline (PBS), pH 7.4.2.2. Animals
Six to eight-week-old male Wistar rats (Rattus norvegi-
cus; 200–300 g) were provided by the Multidisciplinary
Center for Biological Investigation at the State University of
Campinas (CEMIB/UNICAMP). This study was approved by
the institutional Committee for Ethics in Animal Use
(CEUA/UNICAMP, protocol no. 941-1) and the experiments
were done according to the guidelines of the Brazilian
Society for Laboratory Animal Science (SBCAL; formerly
Brazilian College for Animal Experimentation - COBEA).2.3. Production of muscle injury
Ten groups of 12 Wistar rats (6 controls and 6 treated)
received an intramuscular (i.m.) injection of 100 ml of
0.05M phosphate-buffered saline (PBS), pH 7.4, or 100 mg of
venom/100 ml, respectively, in the right gastrocnemius
muscle. This amount of venom was chosen based on
preliminary experiments with 50, 100 and 150 mg of venom
which showed that 100 mg of venom/100 mL gave the best
response. After injection, the rats were maintained in cages
(ﬁve/cage) at 22 C, on a 12 h light–dark cycle, with food
and water ad libitum. At various times after treatment (1, 3,
6 or 18 h, or 1, 2, 3, 7, 14 or 21 days) the rats were anes-
thetized with halothane (Cristália, Itapira, SP) and killed by
cervical dislocation and the injected muscle was immedi-
ately dissected. Samples were taken from themedial aspect
around the injection site and processed for histological and
immunohistochemical analysis.
2.4. Histology
Muscle samples were ﬁxed in 4% paraformaldehyde and
embedded in parafﬁn. Serial 5 mm thick cross-sections and
longitudinal sections were mounted on silanized glass
slides. One section from each sectioning plane (cross-
section or longitudinal section) per animal was stained by
hematoxylin and eosin (H&E) or Masson’s trichrome (MT)
(n¼ 6/time interval/staining method), the latter being used
to stain connective tissue.
2.5. Measurement of muscle ﬁber diameter
To detect acute changes in muscle ﬁber size, the small
diameter (to avoid error if ﬁbers were not perfectly cross-
sectioned) of muscle cells in the damaged area was
measured 1 h post-venom and compared with the corre-
sponding time-matchedPBS controls. The damaged areawas
deﬁned as that presenting hemorrhage, edema and/or
alteredmuscle ﬁbers. For each rat, the small diameter of 200
ﬁbers (total of 1200 ﬁbers per group since each group con-
tained six rats) was measured using a photomicroscope
(BX51, Olympus, Japan), a 200 magniﬁcation, and Image
Pro-Plus software. To evaluate regeneration, the small
diameter of regenerated ﬁbers with centrally-located nuclei
(n ¼ 205 ﬁbers) at 21 days post-venomwas compared with
thatof apparentlynormalﬁbers (peripherally-locatednuclei;
n ¼ 205) in the same rats (n ¼ 6). To ensure that the ﬁbers
with peripherally-located nuclei in envenomed muscles
were indeed normal measurements were also taken of 205
ﬁbers in control rats (21 days after the injection of PBS).
2.6. Immunohistochemistry
Sections (5 mm thick) of gastrocnemius muscle from
each interval (1, 3, 6 or 18 h, or 1, 2, 3, 7, 14 or 21 days) were
deparafﬁnized with xylene and hydrated with decreasing
concentrations of ethanol and distilled water. Endogenous
peroxidase activity was blocked by immersing the slides in
a 3% H2O2 solution. Antigen retrieval was done by incu-
bating the sections with 10 mM sodium citrate buffer, pH
6.0, in a steamer (95–99 C) for 30 min. The slides were
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block nonspeciﬁc antigenic sites. Subsequently, the slides
(n ¼ 6 sections/time-point; one section per rat) were
incubated overnight (16–18 h) at 4 C with monoclonal
primary antibodies: anti-CD68 (Dako M0718; 1:200),
anti-OPN (Sigma O7264, 1 mg/ml, anti-myoD 1 (Dako
M3512; 1:50,1:75,1:100,1:150) and anti-myogenin (Dako
M3559; 1:100) according to manufacturer’s recommenda-
tions (modiﬁed when necessary). After washing, the
sections were incubated with biotinylated anti-mouse or
anti-rabbit secondary antibody (Advanced HRP link,
Dako) for 30 min at room temperature, rinsed with PBS
and incubated with Advanced HRP Enzyme for 30 min at
room temperature. Horseradish peroxidase (HRP) activity
was detected using the chromogenic substrate dia-
minobenzidine (DAB-Advanced, Dako). All incubations
were done in a humidiﬁed chamber. The antibody reactions
were stopped by washing the slides with distilled water.
The sections were counterstained with Ehrlich’s hematox-
ylin and then mounted in Canada balsam. For each anti-
body, a negative control was done by replacing the primary
antibody with 1% PBS-BSA. Macrophages expressing OPN
was identiﬁed by double labeling the cells for CD68 and
OPN. For this, the sections were incubated sequentially
with both antibodies and then stainedwith the Envision Kit
double stain system (Dako).
2.7. Image analysis: quantiﬁcation of immunoreactivity
2.7.1. Anti-osteopontin
To quantify the immunoreactivity to OPN, two ﬁelds in
the damaged area per section were evaluated (n ¼ 6
animals per time-point, total of 12 ﬁelds/time-point). All
ﬁeld images were photographed with an Olympus BX51
photomicroscope using ﬁxed parameters for light intensity,
magniﬁcation (200) and color (24 bits). The images were
captured with a computer-aided image analysis system
(Image Pro-Plus 4.0, Media Cybernetics) connected to the
photomicroscope. Image analysis (quantiﬁcation of the
optical density of immunoreactivity) was done using GIMP
2.6.4 software (GNU Image Manipulation Program, CNET
Networks Inc.) that segmented the images by color. This
segmentation by color made it possible to determine the
percentage of pixels for staining by a given antibody.
2.7.2. Anti-CD68 and anti-myogenin
CD68-positive macrophages were quantiﬁed by count-
ing the number of positive cells in ten ﬁelds in the damaged
area per section (one section/rat and six rats/time interval,
i.e., 60 ﬁelds per time interval) in the control and enve-
nomed groups. Myogenin was quantiﬁed by counting the
number of nuclei positive for the protein in muscle ﬁbers.
2.8. Statistical analysis
The immunohistochemical data were expressed as the
mean  S.D. Multiple comparisons were done using one-
way analysis of variance (ANOVA) followed by Bonferro-
ni’s multiple comparisons test (GraphPad Prism 4.0 soft-
ware, San Diego, CA, USA). Cell diameters (1 h post-venom
vs. control group, regenerated ﬁbers vs. intact ﬁbers at 21days post-venom and intact ﬁbers in envenomedmuscle vs.
normal ﬁbers in control PBS-injected muscle after 21 days)
were compared using Student’s t-test. A value of p < 0.05
indicated signiﬁcance.
3. Results
3.1. Histological analysis
Control muscles injected with 100 ml PBS showed ﬁbers
with normal morphology and no detectable abnormality in
blood vessels or connective tissue at all times intervals
(Fig.1A). In contrast,1hafter venominjection (100mg/100ml)
the muscles showed intense interstitial hemorrhage, edema
(ﬁber enlargement and an increase in the tissue inter-
fascicular space), and emaciated myoﬁbers; neutrophils
were very few or absent. At 3 h, some of the swollen edem-
atous cells showed “delta” lesions and, more rarely, dense
clumps of hypercontracted myoﬁbrils; an inﬂammatory
neutrophilic inﬁltratewasobservedalongwithextravascular
redbloodcells (Fig.1B,C). At6h, hemorrhagediminishedand
was replaced by foci of a dense polymorphonuclear-rich
inﬂammatory inﬁltrate (not shown), while at 18 h macro-
phages gradually appeared in the interstitial space and in
necrotic ﬁbers (Fig. 1D). At 3 days post-venom, clusters of
proliferative myoblasts were observed in the damaged area
(Fig. 1E) and at 7 days post-venom basophilic myoblasts and
myotubes of different sizes were abundant (Fig. 1F). By 21
days post-venom, the former damaged region was now
occupied by discrete foci of small centrally nucleated myo-
ﬁbers (shown in Fig. 3B). Masson’s trichrome, which stains
collagen tissue blue, showed that in control muscle the
collagenous matrix was clearly visible only in the perimy-
sium around venous and arterial branches; the endomysial
matrix was barely seen (Fig. 2A). At 1 h post-venom, the
collagen bundles appeared ragged (Fig. 2B), while at 3 and 7
days post-venom there was a noticeable deposition in some
regions, with proliferative myoblasts and differentiating
myotubes giving these regions a ﬁbrotic aspect (Fig. 2C,D,
respectively).
3.2. Muscle cell morphometry
Onehour after venom injection, themean small diameter
of ﬁbers in the affected muscle region was signiﬁcantly
greater (59.8  8.2 mm; n ¼ 1200 ﬁbers) than in controls
injectedwithPBS (39.96.7mm;n¼1200ﬁbers) (Fig. 3A).At
21 days post-venom, only 205 regenerated cells (those with
central nuclei) were detected in cross-sections of gastroc-
nemius (n ¼ 6 rats). The mean diameter of these ﬁbers was
signiﬁcantly smaller (21.42  5.65 mm) than that of appar-
ently normalﬁberswithperipheral nuclei invenom-injected
muscle (41.16  7.96 mm; Fig. 3B). The diameter of the latter
ﬁbers was not signiﬁcantly different from that of normal
ﬁbers in rats injected with PBS (42.0  6.03 mm).
3.3. Immunohistochemistry
3.3.1. Anti-CD68
The activation of resident macrophages (M1 phagocytic
population) in the damaged region was evaluated by
Fig. 1. Cross-sections of rat gastrocnemius at various times after injection of PBS (A), or BLV (B–F). (A) Control group (1 h): the ﬁbers and fascicles had a normal
morphology. (B) V1h - One hour post-BLV, showing disorganized fascicles and extensive hemorrhage (H). There were a few ruptured ﬁbers and the myoﬁbrils
showed clumping; most myoﬁbers were edematous (*). (C) V3h - Three hours post-venom: the most prominent features at this time were interstitial edema and
a neutrophil inﬁltrate (n), mainly in contact with necrotic ﬁbers. (D) V18h - Eighteen hours post-venom: note the presence of numerous macrophages and limited
necrosis. (E) V3d - Three days post-venom: at this time small foci of proliferative myoblasts were surrounded by normal muscle ﬁbers (nf). (F) V7d - Seven days
post-venom: detail of the regenerative region (RR) showing basophilic myoblasts and myotubes (distinguished by their difference in size) and damaged
acidophilic ﬁbers (df). n/m ¼ neutrophil/macrophage, P ¼ perimysium, T ¼ tendon. Hematoxylin-eosin staining. Bar: 40 mm.
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envenomed and control muscles; the number of CD68-
positive macrophages increased signiﬁcantly up to 24 h
(461.67 144.67), but decreased gradually thereafter. From
7 days post-venom onwards the number of CD68-positive
cells was lower than observed at 1 h (Fig. 4A,B).
3.3.2. Anti-OPN
Osteopontin was expressed in the cytoplasm of intact
and venom-damaged ﬁbers (Fig. 5A,B), macrophages,
myoblasts and myotubes and ﬁbroblast (Figs. 6 and 7). OPN
immunolabeling inmuscleﬁberswasquantiﬁedusingGIMP
2.6.4 software (Fig. 5C,D), with the number of pixels
reﬂecting the intensity of immunolabeling; this quantiﬁca-
tion allowed the comparison of OPN expression (Fig. 5E).
Basal OPN labeling in controls did not vary signiﬁcantly over
time. In envenomed muscle, OPN expression was signiﬁ-
cantly increased from 3 h to 14 days post-venom; maximal
expression occurred at 3 days (31  3.1%), and was slightly
lower at 7 days (27  1.2%) and 14 days (24.2  3.2%) post-
venom. At 21 days post-venom, the pixel density did not
differ from the PBS control or envenomed muscle after 1 h.
3.3.3. Dual labeling for OPN/CD68 in macrophages
Image analyses of venom-treated muscles at 3 days
post-venom showed double-labeled macrophages next toFig. 2. Masson’s Trichrome staining of collagen ﬁbrils in gastrocnemius muscle in
perimysial collagenous matrix around venous and arterial blood vessels. (B) V1h -
bundles. (C) V3d - Three days post-venom, showing ﬁbrotic regeneration region (RR
(dr) were observed. (D) V7d - Seven days post-venom: note the proliferation of th
regeneration (dr). bv ¼ blood vessels; mnt ¼ motor nerve trunk. Bars: A,B ¼ 40 mmthe endomysial space (alkaline phosphatase reaction in red
plus peroxidase-based reaction in brown for CD68 and
OPN, respectively) and in close contact with OPN-labeled
muscle ﬁbers (Fig. 6). The 3 day post-venom interval was
chosen for double labeling because it corresponded to peak
of OPN expression in muscle ﬁbers.
3.3.4. Myoblasts and myotubes
OPN reactivity was strong in the regenerating region of
envenomed muscle, but was rare or absent in regions not
affected by venom. Fig. 7A–C shows regenerating ﬁbers at 7
days post-venom. The muscle proliferative region con-
tained mainly myotubes, with myoblasts being rarer. Both
myoblasts (proliferative cells) and myotubes (differenti-
ating cells) were strongly positive for OPN; mature ﬁbers
were also OPNþ (Fig. 7A,B). OPN-positive ﬁbroblasts were
observed in the interstitium (Fig. 7C). Although the number
of macrophages was highly reduced, their reactivity was as
strong as in the previous time intervals (Fig. 7D).
3.3.5. Myogenin and myoD
At day 7 post-venom, whenmyogenin expressionwas at
its peak, this protein was detected in the nucleus and
cytoplasm of myoblasts and myotubes (Fig. 8A,B) whereas
at subsequent intervals it was expressed only in the
nucleus. Myogenin expression in envenomed muscle wasjected with PBS (A) or venom (B–D). (A) Control (1 h), showing a normal
One hour post-venom, showing disorganization of the perimysial collagen
); abnormal central nucleated myoﬁbers indicative of defective regeneration
e collagen matrix in the fascicle interstitium and the presence of defective
; C,D ¼ 25 mm.
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days post-venom, with a peak at 7 days (152.63  60.45)
followed by a decrease thereafter (Fig. 8C). No immuno-
labeling for anti-myoD was observed at any time interval,
despite several attempts using different dilutions and
incubation protocols.
4. Discussion
B. lanceolatus venom produced local tissue damage
compatible with disturbances in hemostasis. At 3–6 h post-
venom there was extensive hemorrhage, with inﬂamma-
tory neutrophils and macrophages disseminated amongst
the swollen or disintegrated muscle ﬁbers. Class P-I (Stroka
et al., 2005) and P-III (Gutiérrez et al., 2008) Zn2þ-depen-
dent metalloproteinases present in this venom probably
contributes to the observed muscle damage, and inﬂam-
matory response, as also reported for other Bothrops
venoms (Gutiérrez, 1995; Rucavado et al., 1998, 2002; Laing
et al., 2003). Class P-III snake venommetalloproteinases (P-
III SVMPs) possess disintegrin-like and cysteine-rich
domains that are critical for their hemorrhagic activity
since endothelial cell integrins and speciﬁc ECM proteins
with a role in matrix/endothelium stabilization are the
main targets for these proteinases (Fox and Serrano, 2008,
2009). Experimentally, the local inﬂammatory responseFig. 3. Small diameter in muscle ﬁbers 1 h after injection of PBS or venom. (A) One
muscles was signiﬁcantly greater than in control ﬁbers (*p < 0.05). (B) V1h - One ho
(C) By 21 days post-venom, the small diameter of intact ﬁbers (unaffected by venom
of regenerated ﬁbers (affected by venom and showing central nuclei: arrows) (*p < 0
diameters of intact and regenerated ﬁbers in venom-injected muscles. Hematoxy
mean  SD of the number of ﬁbers indicated.induced by B. lanceolatus venom includes leucocyte
migration, enhanced vascular permeability and the partic-
ipation of metabolites of the lipoxygenase and cyclo-
oxygenase (COX) pathways (Lôbo de Araújo et al., 2000;
Rucavado et al., 2002; Guimarães et al., 2004). Oxygen
and nitrogen free radical formation and the release of
cytotoxic mediators such as TNF-a, TGF-b, IGF and IL-6
(Tidball, 2005) are also associated with venom-induced
inﬂammation (Rucavado et al., 2002).
In skeletal muscle, inﬂammatory mediators can activate
quiescent satellite cells, increase myoD and myogenin
expression, and improvemuscle differentiation and growth
(Tidball, 2005; Chazaud et al., 2009; Chen and Li, 2009;
Tidball and Villalta, 2010). Here, we found that CD68-
positive macrophages (M1 population) reached their
highest number from 18 h to 48 h after venom injection,
when necrotic fragments of destroyed muscle ﬁbers occu-
pied the foci of injury. Interestingly, CD68-positive macro-
phages also expressed OPN; this expression was biphasic,
with the ﬁrst one peak occurring from 6 to 48 h post-
venom.
OPN (also knownas Eta1 or T-lymphocyte activation 1) is
synthesized in a variety of tissues and cells, including
inﬂammatory cells and myoblasts (Pereira et al., 2006;
Uaesoontrachoon et al., 2008). This protein is a member of
the small integrin-binding ligand N-linked glycoproteinhour after venom administration, the small diameter of ﬁbers in envenomed
ur post-venom: ﬁbers in the envenomed region were edematous. Bar: 25 mm.
and hence showing peripheral nuclei) were signiﬁcantly greater than those
.05). (D) V21d - Twenty-one days post-venom: there was no difference in the
lin-eosin staining. Bar: 40 mm. In (A) and (C), the columns represent the
Fig. 4. Light microscopy of macrophages positive for CD68 membrane receptor in rat gastrocnemius muscle. One day (24 h) post-venom, phagocytic M1
macrophages (m) expressing CD68 protein are located in tendon connective tissue (T) (panel A) and in the endomysium of edematous muscle ﬁbers (mf) (B–D).
Insert ¼ high magniﬁcation of CD68 þmacrophages; mnt ¼motor nerve trunk. Counterstaining with Ehrlich’s hematoxylin. Bars: A,B,C ¼ 40 mm, D ¼ 25 mm. (E)
Histogram showing the number of CD68-labeled macrophages at different times after injection of PBS (100 ml) or venom (100 mg/100 ml) in rat gastrocnemius
muscle. The columns represent the number of positive cells in ten separate ﬁelds per section of injured muscle (n ¼ 6 animals/per time interval). The columns
represent the mean  SD. *p < 0.05 compared to the PBS control at each time-point. #p < 0.05 compared to 1, 3 and 6 h and 3, 7, 14 and 21 days post-venom.
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integrins (avb3, avb1, avb5, a8b1, a9b1, a4b1, a4b7) and
CD44 variants (hyaluran receptor) (Mylona et al., 2006;
Wang and Denhardt, 2008). The receptors for OPN
mediate adhesion, migration and survival in a variety of cellFig. 5. Immunohistochemistry for osteopontin (OPN) in rat gastrocnemius muscle t
ﬁbers (mf) labeled for OPN. (B) Three days post-venom: intact and damaged OPN
(C,D): explanation of how the OPN immunoreactive regions in panels (A) and (B) we
mnt ¼motor nerve trunk. Bar: 40 mm. (E) Histogram based on the optical densities o
The software GIMP 2.6.4 was used to compare two random images per animal (n ¼ 6
compared to control (PBS-treated) muscle at each interval. There were signiﬁcant
compared to 1, 3, 6, 18, 24 h and 21 days post-venom.types, including neutrophils and myogenic cells
(Uaesoontrachoon et al., 2008). The OPN adhesive domains
contain Arg-Gly-Asp (RGD) and serine-valine-valine-
tyrosine-glutamate-leucine-arginine (SVVYGLR) sequences
that allow OPN adhesion to integrins and matrix proteins,hree days post-venom. (A) C3d - Control, three days: note the intact muscle
-positive ﬁbers were observed. Counterstaining with Ehrlich’s hematoxylin.
re selected and analyzed in order to determine the optical density of labeling.
f OPN immunoreactive regions in PBS-(control) and venom-treated muscles.
animals per time interval). The columns represent the mean  SD. *p < 0.05
differences between envenomed groups in various time-points. #p < 0.05
Fig. 6. A,B. CD68/osteopontin (OPN) double labeling in rat gastrocnemius three days after venom injection (V3d). Note CD68-labeled macrophages (m) in contact
with ﬁber debris in (A) and in the endomysium (arrows) in (B). Muscle ﬁbers in both regions were immunolabeled for OPN. hf ¼ hypercontracted ﬁber.
Counterstaining with Ehrlich’s hematoxylin. Bar: 25 mm.
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(Yokosaki et al., 1999, 2005; Scatena et al., 2007).
Integrins are anchorage proteins which mediates cell
(myoblasts, immune cells and others) to ﬁbronectin, lam-
inins and collagens ﬁbrils of the ECM (Heino and Käpylä,
2009). Integrins also anchor endothelial cells to the
underlying basal lamina and therefore have a role in blood
vessel structure and organization. During developmental
and reparative myogenesis, integrins promote the fusion ofFig. 7. Osteopontin (OPN) immunolabeling in myoﬁbers, myoblasts, myotubes, mac
OPN labeling in muscle ﬁbers (mf), myoblasts (Mb), myotubes (Mt) and ﬁbroblasts (f
strongly positive for OPN seven days post-venom. Counterstaining with Ehrlich’s hmyogenic cells and their interactionwith ECM proteins (see
Sanchez et al., 2010; Vetrone et al., 2009). Interestingly,
OPN molecule contains thrombin cleavage site and sites
susceptible to cleavage by MMPs, then allowing molecule
to bind integrins and speciﬁc CD44 variants. (Wang and
Denhardt, 2008). The fragments generated maintain and
enhance the adhesive properties of full-length OPN by
exposing the cryptic RGD (avb3, avb1, avb5, a8b1) and
SVVYGLR (a9b1, a4b1, a4b7) domains for integrin-bindingrophages and ﬁbroblasts seven days post-venom (V7d). Panels A and C show
). Bars: A ¼ 25 mm; B ¼ 10 mm; C ¼ 30 mm. Panels D and E show macrophages
ematoxylin. Bars ¼ 10 mm.
Fig. 8. Anti-myogenin immunolabeling in regenerative region of rat gastrocnemius seven days post-venom (V7d). Cross-section (A) and longitudinal section (B)
of myotubes (Mt) showed cytoplasmic and nuclear labeling for OPN; the cells varied in size, with larger cells (*) showing weaker reactivity for myogenin than
smaller ones. Mb ¼ myoblasts. Panel C shows that myogenin expression was signiﬁcantly higher 18–14 days post-venom and was maximal seven days post-
venom. *p < 0.05 when compared with the paired PBS control group. #p < 0.05 compared to all other post-venom intervals. Bars: 25 mm.
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biphasic upregulation of OPN expression (6–48 h and 3–14
days post-venom) correlated with two distinct phases
following B. lanceolatus venom-induced muscle injury. The
ﬁrst of these, which corresponded to the early acute
inﬂammatory degenerative phase, was critical for the
second stage that was characterized by muscle repair and
remodeling subsequent to satellite cell activation. Whether
the OPN expressed by macrophages and muscle ﬁbers
6–48 h post-venom at sites of acute inﬂammation acted as
a chemotactic cytokine and adhesive molecule is not
known. However, OPN mediates activities such as phago-
cytosis and cytokine production by macrophages and other
immune cells (Wang and Denhardt, 2008). These activities
are necessary to activate dormant satellite cells, migration
and proliferation. Similarly, the second phase of OPN
upregulation seen at 3–14 days post-venom correlated
temporally with the beginning of myoblasts proliferation,
their migration and the subsequent transformation intomyotubes (differentiation) and the growth of regenerating
myoﬁbers with centrally-located nuclei (maturation
phase). In this second phase, which was more pronounced
than the ﬁrst, OPN was produced mainly by myogenic cells,
including differentiated cells, and also by ﬁbroblasts and
M1 macrophages, as shown by double immunolabeling for
CD68/OPN. In a study of muscle regeneration after the
injection of cardiotoxin (CTX) from Naja naja atra snake
venom, Hirata et al. (2003) showed that the gene expres-
sion for OPN was notably increased at 2 and 4 days after
envenoming. These authors suggested that OPN might be
an important mediator in the early phase of muscle
regeneration following intoxication with CTX.
In this study, we also examined the pattern of myoD and
myogenin expression during regeneration correlated this
with OPN expression. MyoD is a myogenic transcription
factor associated with the early stage of differentiation,
whereas myogenin occurs in the late stage (Dedieu et al.,
2002; Holterman and Rudnicki, 2005). However, no myoD
V. Barbosa-Souza et al. / Toxicon 58 (2011) 398–409408immunolabeling was observed in this work; in contrast,
myogenin expression increased steadily from 18 h to 7 days
post-venom and decreased from 14 days onwards,
although its levels were still higher than in the time-
matched controls (Fig. 8). That OPN expressed by
myoblasts and myotubes at this stage would represent
a role in the adhesion of regenerating myotubes to
elements of the ECM in order to promote the appropriate
conditions for regenerative myogenesis is unknown.
However, Pereira et al. (2006) suggested that OPN expres-
sion at a time interval characterized by myoblast prolifer-
ation, migration and fusion probably reﬂected an important
role of the protein in these events. In studies in vitro,
Uaesoontrachoon et al. (2008) reported that OPN released
by myoblasts served as a link between the inﬂammatory
response and myogenesis during the early phase of muscle
regeneration and repair. Our ﬁndings corroborate the close
relationship in timing between the second phase of OPN
upregulation and the signiﬁcant increase in myogenin
expression initiated at 18 h, with peaks at 3 days and 7 days
post-venom.
Our results showed that B. lanceolatus venom promoted
connective tissue disorganization in the acute stage of
envenoming followed by patches of intense collagen
deposition 3–7 days post-venom. Fibrotic processes may
represent a barrier for tissue revascularization and limit the
access of important molecules or cells involved in tissue
regeneration. The ﬁnding that the small diameter of
regenerated ﬁbers at 21 days post-venomwas signiﬁcantly
lower than in time-matched controls suggests that ﬁbrosis
may have impaired complete regeneration. It is worth
mentioning that OPN has been pointed out as a pro-ﬁbrotic
promoter in hepatic and renal diseases (Lorena et al., 2006;
Irita et al., 2008). In cardiac muscle dysfunction (Singh
et al., 2010) and skeletal and cardiac muscles of mdx mice
(Vetrone et al., 2009) the upregulation of OPN has been
correlated with enhanced collagen synthesis and accumu-
lation, whereas deletion of the OPN gene reduced ﬁbrosis
and improved regeneration.
Our ﬁndings also showed two other interesting data:
the expression of myogenin in the cytoplasm of myoblasts
andmyotubes instead of its usual expression in the nucleus,
and the population of CD68 þ macrophages signiﬁcantly
elevated in the proliferative stage of myoblasts (3 days
post-venom), and in the acute inﬂammatory phase (3–6 h
post-venom). Nuclear myogenin is needed for regulation of
the transcription of speciﬁc myogenic promoters whereas
its retention in the cytoplasm may regulate the biological
activity of proteins and prevent differentiation; the transfer
of myogenin into the nucleus occurs when proliferative
signals cease and the protein level increases signiﬁcantly
(Ferri et al., 2009). On the other hand, macrophages can
release products that inhibit the transition of myogenic
cells from proliferative to differentiating stages (Merly
et al., 1999). Whether this signiﬁcant presence of phago-
cytic M1 macrophages on day 3 post-venom has a role in
the atypical retention of myogenin in the cytoplasm and in
delayed muscle repair is unknown. This is an interesting
possibility since it was only from day 14 post-venom
onwards that myogenin labeling was no longer observed
in the cytoplasm and that CD68macrophage numbers wereas low as in control muscle. Together, the expression of
myogenin in the cytoplasm of myoblasts andmyotubes, the
patches of interstitial ﬁbrosis and the high number of
macrophages seen up to the seventh day post-venom in
envenomed muscles could explain the small size of
regenerating ﬁbers 21 days post-envenoming.
In conclusion, osteopontin, a chemotactic protein with
cytokine-like properties was found to be up-regulated in
muscle injury caused by B. lanceolatus (fer-de-lance) snake.
The upregulation of OPN occurred during the acute stage of
inﬂammation and during myogenic cell proliferation and
differentiation. The expression of OPN by cells of
a myogenic lineage, macrophages and ﬁbroblasts agrees
with its role as an adhesive chemotactic matricellular
proteinwith cytokine-like properties that canmodulate the
expression of myogenic transcriptional factors and, hence,
muscle regeneration. In our experimental model, three
weeks after envenoming, the regenerating ﬁbers were
small, indicating delayed regeneration. Since OPN has been
also described as pro-ﬁbrotic protein in adverse conditions,
its possible mediation in collagen deposition in the region
of myoblast proliferation needs to be investigated. As far as
we know, this is the only report to associate OPN expres-
sion in a rat model of muscle regeneration after the intra-
muscular injection of Bothrops snake venom.
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